The quantum Hall effect, observed in a two-dimensional (2D) electron gas subjected to a perpendicular magnetic field, imposes a 1D-like chiral, downstream, transport of charge carriers along the sample edges. Although this picture remains valid for electrons and Laughlin's fractional quasiparticles, it no longer holds for quasiparticles in the so-called hole-conjugate states. These states are expected, when disorder and interactions are weak, to harbor upstream charge modes. However, so far, charge currents were observed to flow exclusively downstream in the quantum Hall regime. Studying the canonical spin-polarized and spin-unpolarized v = 2/3 hole-like states in GaAs-AlGaAs heterostructures, we observed a significant upstream charge current at short propagation distances in the spin unpolarized state.
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E
lementary charge excitations in the quantum Hall effect (QHE) flow downstream along the edge of a two-dimensional electron gas (2DEG), with the downstream chirality imposed by the magnetic field (1) . In the fractional regime (2) , this statement remains valid only for particle-like (Laughlin's) states (3) (4) (5) ; by contrast, hole-like states (filling factors v so that 1/2 + n < v < 1 + n with n = 0, 1, 2...) are expected to harbor counter-propagating (downstream and upstream) charge excitations (6) . In a noninteracting and scattering-free model, a downstream v = 1 charge mode was predicted to be accompanied by an upstream v = 1/3 mode, leading to a two-terminal conductance of 4e 2 /3h, where e and h are the electron charge and the Planck constant, respectively. However, experimentally, only downstream charge modes (7, 8) with a two-terminal conductance of 2e 2 /3h accompanied by upstream neutral modes (9) (10) (11) (12) (13) (14) (15) have been found. A recent experiment (16) measured conductance of an unequilibrated downstream channels at narrow regions (4 mm wide) of the polarized v = 2/3 state; the results were consistent with the model from (6), but no direct measurement of the upstream current was made. Although the majority of the studies were concentrated on the spin-polarized v = 2/3 state, there has been recent interest in its spinunpolarized counterpart (17) (18) (19) (20) (21) (22) (23) (24) as a potential host for para-fermions when coupled to superconducting contacts (25) (26) (27) . In the composite fermion (CF) picture, one can construct two kinds of states in the v = 2/3: an unpolarized state, emerging at lower magnetic fields, with two quantum levels that have the same orbital quantum number but opposite spin configurations: (0, ↑) and (0, ↓) (Fig. 1B) (28) , and a polarized state, emerging at high magnetic fields, with two quantum levels having the same spin but different orbitals (0, ↑) and (1, ↑) (29) . The majority of previous experiments in the unpolarized state focused on characterizing the spin domains structure in the bulk (23, 24, 30) or the nuclear spin polarization occurring at high currents (18, 19, 21, 22, (30) (31) (32) (33) (34) (35) . Still, the configuration of edge channels for this state remains elusive: On the one hand, no upstream channel is expected in the CF picture; on the other, because the effective K-Matrix in the CF basis is the same for both v = 2/3 states, an upstream mode should occur also in the unpolarized case (36) . We studied the two flavors of the v = 2/3 state along a short distance (a few micrometers) and found a substantial upstream charge current only in the spinunpolarized state. Consequently, the two-terminal resistance deviates from the quantized one at v = 2/3. The GaAs-AlGaAs heterostructure used to study the two v = 2/3 states had to be carefully designed (with the 2DEG confined in a narrow, 12-nm-wide quantum-well) because we aimed to have the transition between the two states at a sufficiently high carrier density (and magnetic field), corresponding to having high mobility throughout the transition region in the phase space between the two states. A conductive n + GaAs layer was grown~1 mm below the 2DEG and served as a backgate, capable of tuning the density from 1 × 10 11 to 2.5 × 10 11 cm -2 , with a corresponding low-temperature dark mobility of 1.5 × 10 6 to 3.5 × 10 6 cm 2 V -1 s -1 . Lock-in measurements were performed at~80 Hz with an input current I = 1 nA and an electron temperature of~35 mK [additional fabrication information is provided in (37), section 1].
The evolution of the four-terminal longitudinal (R xx ) and transverse resistance (R xy ), measured in a 40-mm-wide Hall-bar geometry, is plotted on Fig. 1 , A and C. As reported previously (17, 21, 22, 30, 31), a clear transition between the two-spin varieties of the v = 2/3 states is visible in R xx (around V bg = -0.5 V and B = 10 T) (Fig.  1A) . The finite R xx region corresponds to the point at which the system undergoes a firstorder quantum phase transition between the spinunpolarized and the spin-polarized v = 2/3 state. The transverse resistance R xy ≃ ð2e 2 =3hÞ À1 ≃ 38:7 kilohms, however, remains constant on both sides of the transition. As predicted in (6), the presence of an upstream current leads to the ,where l B is the magnetic length) and Zeeman (ºB) energies, the gap exists between the (0, ↑) and the (1, ↑) l levels corresponding to the polarized state. (C) Four-terminal transverse magnetoresistance as function of the backgate voltage. The v = 2/3 polarized and unpolarized quantum Hall plateaus exhibit a resistance R xy ≈ (2e deviation of the two-terminal resistance from the canonical value R 2t ≃ 38:7 kilohms. We therefore have conducted two-terminal resistance measurements of several samples, consisting of two 60-mm-wide ohmic contacts separated by a distance L ranging from 4 to 15 mm. The large aspect ratio (of width to length) minimizes backscattering between the propagating edge modes on opposite sides of the mesa. As visible on Measuring the evolution of R ↑↑ 2t and R ↑↓ 2t with length, we found R ↑↑ 2t independent of contact separation (Fig. 2B, orange circles) , whereas R ↑↓ 2t increases with L, approaching the quantized value for L = 15 mm (Fig. 2B, blue circles) . Exponential fit of the two-terminal resistance is presented in Fig. 2B bar structure, with a narrow Hall channel width of 3 mm (Fig. 3B) ; this was necessary in order to ensure the lack of backscattering along distances under consideration. The measured R xx (Fig. 3D) for the two v = 2/3 states by using this geometry was negligibly small, ensuring that edge states located on opposite sides of the Hall bar (Fig. 3B , red and blue lines) do not exchange particles. This observation is in agreement with the relatively large gap (~1 K for the unpolarized state) extracted from the temperature evolution of R 4p xx presented on Fig. 3F and is in agreement with previous measurements (38, 39) . Furthermore, testing a Corbino geometry sample ensured a negligible bulk conductance of both v = 2/3 states [(37), section 3]. Last, a three-terminal configuration, with contacts aligned on a single edge of the mesa (each separated by 4 mm), allowed separation of the upstream current from the downstream one (Fig. 3A) , providing a direct measurement for the upstream conductance. Current I was sourced via contact 1 and drained via contact 4 to the ground. A finite voltage V up was measured at contact 2 for the unpolarized state only as visible on Fig. 3C . The resistance, defined as R up = V up /I, continuously dropped with increasing temperature up to 200 mK (Fig. 3E) . This dependence has an opposite trend to that of usual dissipative processes such as variable range hopping or activation mechanisms, ruling them out as alternative explanations. A complementary measurement of the downstream resistance, R d = V d /I, was done by sourcing current via contact 2 and measuring the voltage at contact 1. The upstream and downstream conductances, calculated by using the LandauerButtiker formalism (40, 41) [ (38) (Fig. 2) . The mobility of the 2DEG in proximity to an alloyed ohmic contact is degraded, and its density is increased, which limited us on the minimal distance between ohmic contacts to 4 mm.
In order to probe the edge modes at shorter distances, we used a configuration consisting of two, gate-defined quantum point contacts (QPCs) separated by 700 nm (Fig. 4, inset) , with all ohmic contacts placed far away (above 30 mm). A current I = 1 nA was sourced via contact S; currents were monitored at the drains while scanning the transmissions of the left and right QPCs t l and t r . This was done at different points in the (V bg , B) phase space for both spin polarization of the v = 2/3 states, indicated by the colored circles in Fig.  4 . In the polarized state, all of the current flowed to drains D1 and D2 independent of t r , which is consistent with downstream channels, and zero current was measured at D3 (Fig. 4 , white, black, blue, yellow, and gray points). However, in the unpolarized state (Fig. 4 , red, green, purple, orange, and brown points), substantial signal was found in D3, simultaneously decreasing the current measured in D1 and D2 result in overall current conservation [(37), section 5]. This "upstream effect" can be explained by the appearance of an upstream current between the two QPCs (Fig. 4, inset, green arrow) , which emerges from the left QPC, flows a short distance to the right QPC, and scatters back to the downstream channel, finally arriving at D3. A maximum current at D3 was measured when t l = t r = 0.5 [a toy model for this effect is presented in (37), section 6].
The present set of experiments revealed counterpropagation of charged particles in the fractional quantum Hall effect regime. This present experiment may induce future theoretical works of the less understood unpolarized v = 2/3 state.
3 of 4 Fig. 4 . Generation of upstream charge current by a quantum point contact. Evolution of the current measured in D3 as function of t l and t r for different points in the (V bg , B) phase space (points shown in the large image). A significant current is measurable in the unpolarized region (red, green, purple, orange, and brown points), whereas no signal was measurable in the polarized region (white, black, blue, yellow, and gray points). (Inset) Two successive quantum point contacts setup. Current is sourced at S (red), flowing downstream to the left QPC; there, it is split to downstream (red/blue) and upstream (green) charge currents. The unequilibrated upstream current reaches the second QPC and turns back to downstream (green/blue), where we measured its voltage at D3. The sketch is not to scale; the distance between the two QPC is 700 nm, and the distance between the QPC and the nearest ohmic contact is 30 mm.
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